The structure of carbon obtained from the thermal reduction of graphite oxide at 900°C after electrochemical storage sodium ions was investigated. X-ray diffraction measurement of the carbon sample after charged to various potentials indicated that sodium ions are stored between the layers of carbon below 0.3 V vs. Na/Na + though the interlayer spacing of it was similar to that of graphite. The lower LUMO energy as revealed from the broad π* peak in the region of CK observed in soft X-ray absorption measurement was responsible for the intercalation of a large amount of sodium ions into the present carbon material.
Introduction
Recently, sodium-ion batteries are attracting much attention as post lithium-ion ones because of the abundant sodium resources. For the anode of sodium ion batteries, various carbon materials and their composites with metals or metal oxides have been tested instead of graphite. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In this context, we have recently reported that graphite oxide (hereafter abbreviated as GO) thermally reduced at 300°C under vacuum delivered a high capacity of 250 mAh/g and sodium ions were intercalated into it, based on the increase in the interlayer spacing after sodium storage. 14 In addition, we have also found that the carbon obtained at 900°C still showed 190 mAh/g of capacity (corresponds to the composition of NaC 12 ), though the interlayer spacing of it was almost the same as that of graphite and the regularity of the orientation of carbon layers was relatively high when compared with non-graphitized carbons obtained by heating precursors at lower temperatures. Electrochemical sodium storage in non-graphitized carbons have been already tested, however, it is not clear how the sodium ions are stored in them, probably because their low crystallinity makes it difficult to analyze the structure of sodium containing samples. It would be very interesting to investigate how and why the sodium ions are stored in this carbon.
In this study, therefore, we have investigated the change of interlayer spacing of the carbon obtained from the thermal reduction of GO at 900°C at various potentials during the electrochemical sodium insertion as well as the electronic structure of it based on the soft X-ray absorption spectroscopy.
Experimental
Thermally reduced GO (hereafter TRGO) was prepared as described in our previous paper.
14 Graphite oxide was prepared from synthetic graphite powder (Showa Denko, UF-G30, particle size; 20 µm) in fuming nitric acid using potassium chlorate, based on the Brodie's method. 15 The composition of the resulting GO was C 8 H 2.3 O 4.0 , based on the elemental analysis data of hydrogen (1.51%) and carbon (59.81%). It was mixed with 0.1 M ammonia solution, giving viscous solution of GO. It was spread on to Ni mesh and it was dried to obtain thick GO film. Thermally reduction of GO thick film was performed for 5 h under vacuum at 900°C with a heating rate of 1°C/min in order to avoid deflagration. The contents of hydrogen and carbon in the resulting carbon sample (hereafter denoted as TRGO900) were 0.29 and 94.09%, respectively based on the elemental analysis. The interlayer spacing of TRGO900 was determined from the X-ray diffraction datum using Si powder as an internal standard. Electrochemical storage of sodium ions into TRGO900 was performed in 1 M NaClO 4 -propylene carbonate (PC) solution at a constant current of 20 mA/g under an Ar gas atmosphere using a Hokuto Denko HJ-101SD8. The TRGO900 sample was sandwiched with Ni mesh current collector (1 cm   2 ). The counter and reference electrodes were Na metal. The X-ray diffraction patterns of TRGO900 sample just after charged to 0.3, 0.15 and 0 V were recorded under ambient atmosphere using Rigaku Rint-2100 without removing the residual electrolyte solution in order to avoid the decomposition of the sodium-containing samples. The current density of 20 mA/g was enough low. Soft X-ray absorption (XAS) measurements in the CK and OK regions were performed using synchrotron radiation BL-10 at the Synchrotron radiation facility, NewSubaru of University of Hyogo. The samples were held on an indium sheet at the sample holder in the vacuum measurement chamber. Then, the sample photocurrent induced by Synchrotron Radiation (SR) irradiation was monitored during SR photon energy scanning, which provided the total-electron yield (TEY) XAS. Figure 1 shows the charge curve of TRGO900 measured in 1 M NaClO 4 -PC electrolyte solution. During charging, the potential sharply decreased to 0.7 V and then almost monotonously decreased Electrochemistry
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to 0 V and the charge capacity reached 300 mAh/g. The plateau around 0.7 V due to the reduction of electrolyte, residual oxygen functionalities and/or SEI formation observed in our previous study was not clearly observed for the present thick film sample, which could be ascribed to the smaller surface area of it than that of the powder sample used in our previous study.
14 Figure 2 shows the X-ray diffraction patterns of TRGO900 after charged to various potentials. At 0.3 V, together with the diffraction peak at 2H = 26.72°(d = 0.334 nm) observed for the pristine TRGO900, a shoulder at 2H = 25.9°(d = 0.344 nm) appeared. At 0.15 V, the peak at 2H = 26.72°disappeared and a broad peak at 2H = 24°(d = 0.37 nm) was observed. It further shifted to lower angle of 2H = 20.1°(d = 0.445 nm) at 0 V. These indicate that the sodium ions started to be stored around 0.3 V between the carbon layers. The increase in the interlayer spacing of 0.111 nm at 0 V was very similar to that observed for sodium intercalated graphite of 0.117 nm (0.452 nm-0.335 nm), 16, 17 therefore, stage 1 intercalation compound was formed. It is surprising that the interlayer spacing of TRGO900 was almost the same as that of graphite in which very few sodium ions are stored. Figure 3 shows the soft X-ray absorption spectra of TRGO900 sample together with those of HOPG and TRGO300 in the CK region. In Fig. 4 , the spectra in the OK region of TRGO300, TRGO900 and GO are shown. The intensity was normalized by those of the peaks at 285.2 and 540.7 eV, respectively. In case of the spectrum of HOPG in the CK region, the lowest energy peak closest to the Fermi level at 285.2 eV is assigned to the transition of C1s core level electrons into states of O symmetry. The higher energy sharp peak centered at 293.2 eV is attributed to the excitation of C1s core level electrons into states of Q symmetry. The relative intensity of the peak in the Q* region became lower for TRGO900 when compared with that for TRGO300, reflecting the lower oxygen content in TRGO900. This trend is commonly observed in the previous literatures. 18, 19 The peak at 288.5 eV observed for TRGO300 is assigned to carbonyl groups or carboxylic acid 18, 20, 21 disappeared for TRGO900. In the OK region, three peaks due to O*(C=O), Q*(O-H) and Q*(C-O) were observed at 531.2, 535.8, 540.1 eV, respectively for GO. 18, 19, [22] [23] [24] After heating, the latter peak slightly shifted to higher energy and the relative intensity of the peaks at lower energies greatly decreased. The peak at 540.1 eV is usually assigned to hydroxyl groups, however, the contribution of the other oxygen functionalities, such as carbonyl, carboxylic and epoxides is also suggested. 25 At the same time, the peak at 535.8 eV shifted to lower energy of 534.5 eV, which is rather similar to that of the peak (533.6 eV) assigned to state of C-O from epoxide. 26 Based on these results and a small interlayer spacing of TRGO900, it would be better to think that the hydroxyl groups on the GO layers are more preferably removed, while some C-O and C=O containing groups such as pyrone, pyran, furan and quiones 27 still remained within the carbon layers of TRGO900. On the other hand, the O* peak observed for TRGO900 in the CK region became slightly sharper than that for TRGO300 and the peak position of it was almost the same as that for HOPG, however, it was still broad probably because of the remaining oxygen atoms within the carbon layers mentioned above. This means that the bottom of the unoccupied O* orbital of the TRGO900 was lower than that of HOPG, as was reported for BC 2 N. 6 Therefore, TRGO900 was reduced at higher potential and sodium ions were successfully intercalated into it, though the interlayer spacing of it was almost comparable to that of graphite. Normalized intensity HOPG TRGO300 TRGO900 Figure 3 . CK-XANES of HOPG, TRGO300 and TRGO900. Normalized intensity
Photon energy / eV GO TRGO300 TRGO900 Figure 4 . OK-XANES of GO, TRGO300 and TRGO900.
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